Adult pancreatic islets comprise four cell types, a, b, d and PP, expressing glucagon, insulin, somatostatin and pancreatic-polypeptide, respectively, arising from cell lineages whose relationships during endocrine pancreas differentiation are still uncertain [Edlund, 1998. As zebra®sh (Danio rerio) represents an attractive vertebrate model to study mutants affecting pancreatic organogenesis [Pack et al., 1996 . Development 123, 321±328], we have investigated the expression patterns of islet hormones in zebra®sh embryos, from the 16-somite (17 h) to 48-h stages, by whole-mount in situ hybridization and immuno¯uorescence. Results showed that in the zebra®sh pancreatic primordium (a) insulin is the ®rst hormone gene to be expressed, and (b) somatostatin colocalizes with insulin while glucagon-expressing cells, since their appearance, are distinct from insulin-or insulin/somatostatin-expressing cells. Notably, both somatostatin and glucagon, but not insulin, are ®rst expressed in extrapancreatic regions. q
Results
We have analyzed the expression of insulin, glucagon and somatostatin by whole-mount in situ hybridization in zebra®sh embryos at the 16-somite (17 h), 20-somite (19 h) and 24-h stages. For this purpose, using oligonucleotides designed on the basis of conserved sequences, we have ampli®ed and cloned from adult zebra®sh pancreatic mRNA, the cDNAs encoding the three above-mentioned hormones. We have also examined the mRNA expression of the homeobox-containing transcription factor Pdx1, required to activate mammalian insulin and somatostatin as well as ®sh insulin promoters (Leonard et al., 1993; Ohlsson et al., 1993; Argenton et al., 1997; Milewski et al., 1998) , whose genetic inactivation abolishes pancreatic development (Jonsson et al., 1994) .
At the 16-somite stage, pdx1 expression was detected in the central region of the embryo in a right and a left longitudinal row of cells situated ventrally to the notochord (Fig.  1a) . At the 20-somite stage, pdx1-expressing cells had merged in the midline forming a single¯attened domain and, by 24 h, they constituted a sharply de®ned domain in the developing gut (Fig. 1h,i) . At the 16-somite stage, the pdx1-expressing domain contained 4±8 insulin-positive cells de®ning the endocrine pancreatic primordium (Fig.  1b) , but no glucagon-or somatostatin-expressing cells. This lack of glucagon and somatostatin positivity was unlikely to be due to a low af®nity or degradation of the relevant RNA probes since in the same embryos both somatostatinand glucagon-positive cells occurred more caudally. In particular, somatostatin expression was detected in the posterior¯oor plate and immediately ventral to the notochord (Fig. 2a) , while glucagon expression was observed in the most posterior endoderm (Fig. 2d) . At the 20-somite stage, insulin-expressing cells were increased in number in the pancreatic primordium (Fig. 1c) , in which somatostatin-positive cells were also detected (Fig. 1d) ; conversely, the number of somatostatin-expressing cells in the¯oor plate was decreased (Fig. 2b) . At 24 h, the primordium contained the three hormone-expressing cells, the glucagon-positive cells surrounding a central group containing insulin-and somatostatin-expressing cells (Fig. 1e±g , see also Fig. 3 ). At this stage glucagon was still expressed caudally in the endoderm (Fig. 2e) , while the number of somatostatin-expressing cells within the¯oor plate was further reduced (Fig. 2c) .
In a parallel set of experiments, antisera directed against mammalian pancreatic hormones were also used to examine the hormone production by immuno¯uorescence up to 48 h. Insulin-, glucagon-and somatostatin-immunoreactive (IR) cells were ®rst identi®ed at 24 h, while pancreatic polypeptide-IR cells were not found, although such cells were detected with the same antiserum in the adult zebra®sh pancreas (Faraldi et al., in preparation) . As revealed by confocal microscopy, insulin-IR cells were clustered into a single¯attened layer ventral to the notochord at 24 h ( Fig. 3a,b) . At 24 and 48 h, double staining revealed the occurrence of cells expressing a single hormone as well as cells which were immunoreactive to both insulin and somatostatin (Fig. 3c,e ), but colocalization of insulin and glucagon was never observed (Fig. 3e,f) . A single islet, composed Fig. 1 . Insulin is the ®rst hormone gene to be expressed in the zebra®sh pancreatic primordium. Whole-mount in situ hybridization for pancreatic markers performed at 16-somite (a,b), 20-somite (c,d) and 24-h (e±i) stages. Embryos were stained with antisense digoxigenin-labeled probes for pdx1 (a,h,i), insulin (b,c,e), somatostatin (d,g) and glucagon (f). In each picture anterior is to the left; all views are dorsal except d and g which are lateral with dorsal to the top. The location within the embryo of the pdx1-expression domain shown in (h) is illustrated in (i). n, notochord; y, yolk.
of glucagon-IR cells arranged on the outside of a central cluster of insulin-and somatostatin-IR cells, was observed at 48 h (Fig. 3) .
Our results show that the zebra®sh pancreas develops from a left and a right primordium within the dorsal endoderm, as revealed by pdx1 and insulin expression, while in mammals the two pdx1-expressing primordia are dorsal and ventral (Ohlsson et al., 1993) . Insulin is the ®rst pancreatic hormone gene to be expressed in the pdx1-expression domain of the endoderm at about the 16-somite stage in zebra®sh embryos. The insulin-expressing cells thus de®ne the pancreas primordium and are not derived from glucagon-expressing precursors. Although expression patterns do not necessarily re¯ect lineage relationships, our results correlate well with those obtained in the mouse by Herrera et al. (1991 Herrera et al. ( , 1998 suggesting that insulin and glucagon lineages are independent (see also Edlund, 1998). Conversely, according to Alpert et al. (1988) and Guz et al. (1995) , all pancreatic endocrine cells of the mouse derive from a glucagon-expressing stem cell. The occurrence, in the developing zebra®sh pancreas, of insulin-and/or insulin/ somatostatin-expressing cells distinct from glucagonexpressing cells, is well correlated with the results of genetic inactivation experiments in mice showing that pax4 mutants lack b and d cells , while pax6 mutants lack a cells (St-Onge et al., 1997) . Classical features of the adult islet morphology of amniotes, i.e. glucagon-producing cells at the periphery surrounding insulin-producing cells (Slack, 1995) , are already present in the¯at primordium of 24-h zebra®sh embryos. Moreover, the three hormones are already expressed in the pancreas before budding. Interestingly, both glucagon and somatostatin are ®rst expressed in extrapancreatic regions. Glucagon is expressed in the posterior endoderm, and somatostatin in regions arising from the embryonic shield in zebra®sh (Shih and Fraser, 1995) and from the Hensen's node in the avian embryo (Catala et al., 1996) : the¯oor plate and a subset of cells located immediately ventral to the notochord.
Materials and methods

Reverse transcription±polymerase chain reaction
Messenger RNA was puri®ed from adult zebra®sh pancreas using Oligotex direct mRNA kit (Quiagen), and reverse transcribed with the oligod(T)-anchor primer (5 H -GACCACGCGTATCGATGTCGAC[T] 16 V-3 H ). Insulin and glucagon cDNAs were ampli®ed using the following pairs of primers designed on the basis of the corresponding sequences of Cyprinus carpio (Hahn et al., 1983) and Carassius auratus (Yuen, T.T.H., Mok, P.Y., Chow, B.K.C., 1996. Molecular cloning of a cDNA encoding proglucagon from gold®sh Carassius auratus. Unpublished. EMBL Data Library, accession no. U65528) respectively.
For insulin:
H ). Pancreatic somatostatin cDNA was ampli®ed by the RACE technique (Frohman et al., 1998) : the cDNA core was ampli®ed with the two following degenerate oligonucleotides: SST51 (5 H -GAT-GVMSTCCTSSCGMMTCCASTG-3 H ) and SST31 (5 H -ARCANGANGTRAANGTYTTCCA-3 H ) designed on the basis of vertebrate somatostatin conserved residues. The cDNA core was re-ampli®ed in a nested reaction with the following degenerate primers: SST52 (5 H -AGA-TGVMSTCCTSSCGMMTCCRSTGYGCYCT-3 H ) and SST32
(5 H -GANGTRAANGTYTTCCAGAAGAARTT-CTT-3 H ). The expected ,300 bp ampli®ed fragment was cloned and sequenced. The somatostatin 5 H -end was ampli®ed in three steps. In the ®rst step, pancreatic mRNA was reverse transcribed with the SST32 primer and the resulting cDNA tailed using dATP and the enzyme terminal transferase. In the second step, the tailed cDNA was ampli®ed with the oligod(T)-anchor primer and zfSST31 (5 H -GATCCCA-GAGATGAGCTGTCAGGC-3 H ). In the third step, the ampli®ed cDNA was re-ampli®ed in a nested reaction with the primer zfSST31 and the anchor-primer (5 H -GACCACGCGTATCGATGTCGAC-3 H ). The somatostatin 3 H -end was obtained from total pancreatic mRNA, reverse transcribed with the oligod(T)-anchor primer and ampli®ed with the anchor-primer and the oligo zfSST51 (5 H -GCGGCACTTCTGCGGATG-3 H ).
Whole-mount in situ hybridization
Whole-mount in situ hybridizations were performed according to Thisse et al. (1993) on zebra®sh embryos staged according to Kimmel et al. (1995) , using the following antisense riboprobes labeled with digoxigenin (Roche): glucagon (366 bp), insulin (331 bp), somatostatin (288 bp), and pdx1 (761 bp) (Milewski et al., 1998) .
Whole-mount immunohistochemistry
Whole-mount immunohistochemistry was performed using the following antisera: guinea pig anti-porcine insulin (Dako), rabbit anti-porcine glucagon (Dako), rabbit antisomatostatin-14 (Genosys) and rabbit anti-human pancreatic polypeptide (EPOQ). Goat anti-guinea pig IgG, FITC conjugated (Sigma), and goat anti-rabbit IgG, TRIC conjugated (Genosys), were used as secondary antisera. Brie¯y, embryos were ®xed overnight in 1% formaldehyde in phosphate-buffered saline (PBS). Fixed embryos were sequentially washed with PBS and water, then treated for 1 h at 2208C with methanol, washed again with PBS and incubated with the primary antisera (diluted 1:50), 1 h at room temperature and 40 h at 48C. After an extensive wash, embryos were incubated with the secondary antisera, 1 h at room temperature and 20 h at 48C, washed extensively and mounted in 80% glycerol in PBS.
